A new framework for convergence studies in TELEMAC-2D by Leroy, Agnés & Boyaval, Sébastien
Conference Paper, Published Version
Leroy, Agnés; Boyaval, Sébastien
A new framework for convergence studies in TELEMAC-2D
Zur Verfügung gestellt in Kooperation mit/Provided in Cooperation with:
TELEMAC-MASCARET Core Group
Verfügbar unter/Available at: https://hdl.handle.net/20.500.11970/104532
Vorgeschlagene Zitierweise/Suggested citation:
Leroy, Agnés; Boyaval, Sébastien (2016): A new framework for convergence studies in
TELEMAC-2D. In: Bourban, Sébastien (Hg.): Proceedings of the XXIIIrd TELEMAC-
MASCARET User Conference 2016, 11 to 13 October 2016, Paris, France. Oxfordshire: HR
Wallingford. S. 149-152.
Standardnutzungsbedingungen/Terms of Use:
Die Dokumente in HENRY stehen unter der Creative Commons Lizenz CC BY 4.0, sofern keine abweichenden
Nutzungsbedingungen getroffen wurden. Damit ist sowohl die kommerzielle Nutzung als auch das Teilen, die
Weiterbearbeitung und Speicherung erlaubt. Das Verwenden und das Bearbeiten stehen unter der Bedingung der
Namensnennung. Im Einzelfall kann eine restriktivere Lizenz gelten; dann gelten abweichend von den obigen
Nutzungsbedingungen die in der dort genannten Lizenz gewährten Nutzungsrechte.
Documents in HENRY are made available under the Creative Commons License CC BY 4.0, if no other license is
applicable. Under CC BY 4.0 commercial use and sharing, remixing, transforming, and building upon the material
of the work is permitted. In some cases a different, more restrictive license may apply; if applicable the terms of
the restrictive license will be binding.
A new framework for convergence studies in
TELEMAC-2D
Agnès Leroy
LNHE, EDF R&D, Chatou, France
and Saint-Venant Laboratory for hydraulics,
Ecole des Ponts, CEREMA, EDF R&D, UPE, Chatou, France
Email: agnes.leroy@edf.fr
Sébastien Boyaval
Saint-Venant Laboratory for hydraulics,
Ecole des Ponts, CEREMA, EDF R&D, UPE, Chatou, France
Abstract—With the aim of increasing the accuracy of the
TELEMAC suite, an important amount of time has been or will be
spent on convergence studies. The aim of this work is to provide
a framework for these studies in TELEMAC-2D. The main two
advantages of this framework are: i) to provide an automatic
way to perform such studies, the mesh refinement and error
computation being handled by TELEMAC-2D and ii) to avoid
introducing errors during the post-processing step. The user will
only have to activate the convergence study option and to specify a
number of refinement levels for the study, directly in the steering
file. Besides, the user will only have to provide a coarse mesh
of the case, the mesh refinement being handled by TELEMAC-
2D. At this stage of development, the convergence studies can
only be performed using linear elements. A convergence study
on a schematic test-case with an analytical solution, involving
only diffusion, was performed. A first order convergence was
obtained regarding the tracer.
I. INTRODUCTION
Performing convergence studies is a key task when assess-
ing the reliability of a code aiming at discretising a continuous
field (e.g. a PDE solution). Being able to automatically perform
mesh convergence tests is thus an important feature for a code,
both for the users and the developers. Indeed, in many studies
the effect of mesh refinement is looked at1, which is often
time-consuming. It is also the main way to assess the quality
of new developments, like new advection schemes [2], new
finite elements basis, etc. For now we only consider cases for
which an analytical solution can be found: the present work
does not apply to engineering studies yet.
In this paper a framework for automatic convergence
studies is introduced for TELEMAC-2D, only involving nested
meshes. The aim is to enable the user to launch a conver-
gence study, setting the number of refinements (called herein
NLEVELS) to be performed on the provided mesh in the
steering file, and letting TELEMAC-2D manage the successive
mesh refinements, runs and error computations. The subroutine
HOMERE_TELEMAC2D will manage this process.
The computed errors are the L1, L2 and L∞ errors. For
example for a tracer T defined on a domain Ω, let V be
the domain volume, Tnum the numerical solution, T ref the
reference solution and T0 a mean value of T . We only consider
time-independant solutions – for unsteady cases a time-average
1when the discretisation relies on a mesh (as opposed to spectral discreti-
sations).
of the solution should be done. These errors are then defined
as:
L1(T ) =
1
V
√∫
Ω
|Tnum − T ref | dΩ (1)
L2(T ) =
1
V
√∫
Ω
(
Tnum − T ref
T0
)2
dΩ (2)
L∞(T ) = max
Ω
|Tnum − T ref | (3)
It was chosen to use a family of computation meshes nested
in a single finer mesh where the reference solution is known,
as a Finite Element field (for which we know a good/exact
quadrature formula). The numerical solution is reconstructed
on the finest mesh for each error calculation in order to ensure
that the discretisation error is the same for each L1 or L2
error calculation. In this way the error calculation in itself
does not affect the convergence rate. For now, this has only
been implemented with linear elements.
To make this easier, STBTEL was modified in order
to provide a correspondence array between the elements of
the fine mesh and each coarser mesh. The construction of
the finest mesh and of the correspondence array is done in
HOMERE_TELEMAC2D, before the simulations. There will
thus be two different meshes in the simulation: one only serves
to compute the errors (it is the finest one) and the other only
serves to run the simulations. Both are built from the coarse
mesh provided by the user.
TELEMAC-2D is then called NLEVELS times from in-
side a FOR loop. The first simulation is run on the mesh
provided by the user, and for each finer simulation the mesh is
overwritten. At each iteration the error between the numerical
solution and an analytical solution (to be provided by the user)
is calculated and printed. The mesh is refined before calling
TELEMAC-2D again. The complete process is summarised in
the Figure 1.
The notations used in this paper are the ones of [1] and
correspond to the Fortran variables in TELEMAC.
In the sections below, the new keywords introduced in
TELEMAC-2D are described, followed by the new arrays
allocation and the mesh refinement process. The fourth section
describes the error calculation. The last section describes
the results obtained on a schematic test-case using this new
framework in TELEMAC-2D.
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Figure 1: Structure of the new framework for convergence
studies in TELEMAC-2D (right), compared to the classical
one (left). The red boxes indicate the operations done on the
simulation mesh, while the blue boxes indicate the operations
done on the finest mesh built for the error computation.
II. PROPOSED DEVELOPMENTS
A. New keywords
The new keywords CONVERGENCE STUDY (ETUDE
DE CONVERGENCE in French) and REFINEMENT LEV-
ELS (NIVEAUX DE RAFFINEMENT in French) were added
to the TELEMAC-2D dictionary. The first one is a boolean
indicating if the user wants to perform a convergence study.
The second one is an integer that allows the user to specify
the number of refinement levels: for example, setting its value
to 4 will trigger 5 TELEMAC-2D simulations with the finest
mesh refined 4 times, while the error will be computed on the
original mesh refined 5 times.
B. New array sizes
All the array sizes and the mesh size for the simulations
have to be large enough to perform the finest run without
memory leakage. Everything was implemented so as not
to affect classical single simulations. As in the TELEMAC
system, we denote here the number of elements in the mesh
by NELEM, the number of nodes in the mesh by NPOIN,
the number of boundary points by NPTFR and the number
of segments (for a given type of element) by NBSEGEL. We
also denote the number of refinements asked by the user by
NLEVELS. The following changes then have to be done:
• NELMAX, the maximum number of elements in the
mesh, becomes NELEM × 4NLEVELS
• NBSEGEL, the number of segments of a given type
of element, becomes NBSEGEL × 2NLEVELS
• NPMAX, the maximum number of points in the mesh,
becomes NPOIN × 7NLEVELS (this is a majoration)
• NPTFRX, the maximum number of boundary points,
becomes NPTFR × 7NLEVELS
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Figure 2: Sketch of the construction of the correspondence
array, starting from one tringle (left) and refining twice. The
black numbers are the elements indices while the red numbers
are the correspondence array values.
• arrays of size NELEM are now allocated with the size
NELEM × 4NLEVELS
• arrays of size NPOIN are now allocated with the size
NPOIN × 7NLEVELS
• arrays of size NPTFR are now allocated with the size
NPTFR × 7NLEVELS
These modifications occur in the subroutines ALMESH,
BIEF_ALLVEC, BIEF_ALLMAT, BIEF_NBSEGEL and
BIEF_ALLVEC_IN_BLOCK. They now all take a new
optional argument that gives the number of refinement levels
in the convergence study.
Note that these changes correspond to piecewise “P1”
linear elements, but changing elements would imply further
modifications in the code. This has not been done yet.
C. Mesh refinement using STBTEL
The strategy chosen here to perform convergence studies
is to make TELEMAC-2D call a dedicated subroutine of
STBTEL to refine the mesh. A new subroutine was thus created
in STBTEL, called REFINE_MESH. It refines a mesh N times
by successive divisions of all the triangle elements by four. N
is given as a mandatory argument to the subroutine. It calls
the subroutine DIVISE on the mesh N times, and then calls
the subroutines VERIFI, VOISIN, RANBO and RENUM, like
what STBTEL usually does.
When building the finest mesh, REFINE_MESH is called
once with N = NLEVELS. The correspondence array then
has to be built so an optional argument is passed to RE-
FINE_MESH:
• CORRESP – this new correspondence array of size
NELMAX × NLEVELS can be filled during the
refinement process to store the index of the elements
of the coarser mesh to which the elements of the finer
mesh belonged. This array is built in the subroutine
DIVISE.
Considering an initial mesh composed of only one triangle
and two refinement levels, the construction of the correspon-
dence array is illustrated in Figure 2. In that array, each line
corresponds to all the elements of one level N and stores the
values of the elements indices to which they belonged on the
previous mesh (at level N − 1).
Considering an arbitrary number of refinements
NLEVELS = N , the correspondence array thus has the
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following structure:
C =
⎛
⎜⎜⎝
1 1 1 1
1 2 3 4 1 1 1 2 2 2 ... 42 42 42
...
1 2 ... 4N 1 1 1 ... 4N+1 4N+1 4N+1
⎞
⎟⎟⎠
(4)
On the other hand, when refining the simulation mesh
once before a new simulation, REFINE_MESH is called with
N = 1. The correspondence array is not built in this case, but
other actions have to be performed, involving other optional
arguments:
• LIHBOR, LIUBOR, LIVBOR, HBOR, CHBOR, (of
size NPTFRMAX), UBOR, VBOR (of size NPTFR-
MAX × 2), LITBOR, TBOR, ATBOR, BTBOR (bief
object) – they all store information relative to the
boundaries (in the same order): the type of boundary
conditions on H, U, V, the water height, the friction
coefficient, the values of the velocities or flow rates,
the type of boundary conditions on the tracers, the
values of the tracers and the coefficients for heat
fluxes. They have to be filled based on the values of
the surrounding boundary points for all the new points
on the boundary.
• ZF and H (bief objects) – store the values of the
bottom elevation and of the water depth on the 2D
mesh. They need to be filled for all the new points in
the mesh (H then contains the initial water depth).
• TEXP, TTILD, TN (bief objects) – store the explicit,
implicit source terms for the tracers and the value of
the tracers at the former time-step. Their dimension
needs to be updated at each mesh refinement.
D. Error calculation
For each TELEMAC-2D simulation, the L1, L2 and L∞
errors are computed. For now, only errors compared to an
analytical solution can be calculated. This is done in a new sub-
routine of TELEMAC-2D called ERROR_COMPUTATION.
First, the numerical solution is reconstructed on the finest
mesh. This is done in a loop on all the elements of the
finest mesh. The index of the element of the simulation mesh
to which that fine element belongs is found thanks to the
correpsondence array. Then, a linear interpolation is done to
reconstruct the value of the field (a tracer for example) on each
point of the fine element. Let I be a point of the fine mesh,
located inside the element JELEM of the coarser mesh. The
vertices of JELEM are denoted by J1, J2, J3. Their coordinates
are denoted by XJ1, XJ2, XJ3 and YJ1, YJ2, YJ3. The same
notation is used for the coordinates of the point I. The value
of a tracer T at the point I, TI, is given by:
TI = A× TJ1 +B × TJ2 + C × TJ3 (5)
with:
A =
|(XI −XJ2)(YJ3 − YJ2)− (XJ3 −XJ2)(YI − YJ2)|
|(XJ2 −XJ1)(YJ3 − YJ1)− (XJ3 −XJ1)(YJ2 − YJ1)|
(6)
B =
|(XI −XJ1)(YJ3 − YJ1)− (XJ3 −XJ1)(YI − YJ1)|
|(XJ2 −XJ1)(YJ3 − YJ1)− (XJ3 −XJ1)(YJ2 − YJ1)|
(7)
C =
|(XI −XJ1)(YJ2 − YJ1)− (XJ2 −XJ1)(YI − YJ1)|
|(XJ2 −XJ1)(YJ3 − YJ1)− (XJ3 −XJ1)(YJ2 − YJ1)|
(8)
This is a linear reconstruction of the numerical solution on
the finest mesh. To reconstruct a solution using quasi-bubble or
quadratic elements, the formulation above would be modified:
the degrees of freedom of the mesh are not the same for the
different types of elements.
The reference solution T ref on the finest mesh
must be provided by the user in the subroutine ER-
ROR_COMPUTATION through an analytical expression.
The errors defined by the equations (1), (2) and (3) in the
continuous framework are then calculated through:
L1(T ) =
1
NPOIN
NPOIN∑
I=1
∣∣∣TI − T refI ∣∣∣ (9)
L2(T ) =
1
NPOIN
√√√√NPOIN∑
I=1
(
TI − T
ref
I
)2
(10)
L∞(T ) = max
I=1,NPOIN
∣∣∣TI − T refI ∣∣∣ (11)
For each discretisation, they are dumped, together with the
number of mesh points, in a file called ERRORS.DAT in the
results directory.
III. TEST ON A SCHEMATIC CASE
To test this framework for convergence studies, a schematic
case with an analytical solution was designed. It only involves
the diffusion of a tracer so that the convergence study measures
the error done on the resolution of the time-discretised tracer
equation:
Tn+1 − Tn
∆t
= −K∇2Tn+1 (12)
where K is the coefficient of diffusion for the tracer and ∆t
is the time-step size
The case consists of a square basin of side L = 200m. The
water height is constant and equal to 2m and the velocity is
equal to zero. The tracer is initialised through:
T =
(
1−
2K
∆t
(
2pi
L
)2)
sin
(
2pi
L
x
)
sin
(
2pi
L
y
)
(13)
K is taken equal to 1ms−2 and ∆t equal to 1s. The
solver accuracy for the tracer diffusion was set to 10−10. The
advection and diffusion of velocities were deactivated in the
steering file. The simulation is done for 1 iteration and we
compare the numerical solution for the tracer to the analytical
solution after one time-step:
T = sin
(
2pi
L
x
)
sin
(
2pi
L
y
)
(14)
Three refinement levels were asked for in the convergence
study, yielding four TELEMAC-2D simulations. The mesh for
each simulation and the mesh for the error calculation are
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Figure 3: Test on a schematic case: view of the meshes for
each simulation – (a) initial mesh, (c), (d), (e) successive
refinements and of the mesh for the error calculation (b).
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Figure 4: Test on a schematic case: results of the convergence
study with three refinement levels.
shown in the Figure 3. The initial mesh contains 40 elements.
The total time spent for the four successive runs is of 4s on
one processor (only the diffusion matrix inversion for the tracer
is performed, on one time-step). Figure 4 shows the results of
the convergence study, regarding the L1, L2 and L∞ errors.
For the three of them, a first order convergence is obtained. For
the simulation on the finest mesh, the error is slightly higher
than expected, probably due to the worsened aspect ratio of
the triangles after three refinements.
IV. CONCLUSION AND FUTURE WORK
In this paper a framework for convergence studies is
proposed. It has the advantage of making everything automatic
for the user. It also makes sure that no additional error
is introduced when computing the L1, L2 and L∞ errors.
However, the drawback is that the simulations are launched
one after the other on the computer, whereas launching them
at the same time on different processors would increase the
performance. This may be possible using the TELEMAC-2D
API but has not been investigated yet.
Some improvements can be done to the present formula-
tion: it could be extended to more types of finite elements,
and also it could be extended to do convergence studies on
real cases, using a reference numerical solution on a very fine
mesh to compute the errors.
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